The mutations of 76 haemophilia B patients representing the whole population registered with the Malmd haemophilia centre (42) and referrals from the UK, were characterised. RFLP haplotype analysis of the defective genes indicated that 51 single base pair substitutions were definitely of Independent origin and 27 of these were CpG -TpG or CpA transitions. This represents a 38-fold excess over other single-base changes. Most of such transitions (82%) occur at 9 CpG sites occupying critical positions (transitions at 3 sites substitute essential arginines, while at 6 sites transition to TpG creates stop codons). Sixteen of the 18 possible transitions at these 9 sites cause clear haemophilia B and should be fully ascertained in our haemophilia B population. This allowed the direct estimate of the rate of CpG transitions. This Is 1.05 x10~7 substitutions per base per gamete per generation. The marked excess of CpG transitions in haemophilia B appears partly due to the high proportion of CpG sites at critical positions (at least 9 out of 20). We propose that this follows from the fact that male hemizygosity makes Xlinked genes particularly susceptible to selective forces that tend to fix CpG sites arising at critical positions.
INTRODUCTION
Mutations that seriously impair the function of the gene for coagulation factor IX cause haemophilia B. This is an X-linked recessive disease maintained in the population by an equilibrium between the mutation rate of haemophilia B and the reduced genetic fitness of affected males. Unrelated patients with the disease therefore usually carry mutations of independent origin (1) . The development of rapid procedures for the identification of all sequence variations in DNA has enabled us to undertake the characterisation of the haemophilia B mutations at a population level (2, 3) and it has thus provided an excellent opportunity to re-examine the problem of the intrinsic mutability of specific residues such as methylatable cytosines.
Single base substitutions in genomic DNA may result from misreplication of normal DNA; from misrepair; or, finally, from replication of unrepaired templates damaged by spontaneous degradation or by exogenous physical and chemical agents (4) .
The main types of degradau've events are base loss and deamination of bases (4) . The glycosylic bond between purines and the sugar phosphate backbone of the DNA is relatively labile and extrapolation from data on the depurination of naked double stranded DNA has suggested that a mammalian cell might lose 10,000 purines per day or cell generation (5) . Depyrimidination is 20 times less frequent than depurination (6) . Cytosine (C), adenine (A) and guanine (G) degrade to uracil (U), hypoxanthine (H) and xanthine (X) respectively through loss of their exocyclic amino group. However, A and G appear to deaminate at a rate four orders of magnitude lower than that of depurination (7) . Purine deamination is therefore expected to contribute little to the instability of DNA. By contrast the deamination of C is a frequent event. In naked, single stranded DNA, deamination of C occurs at a rate similar to depurination, but the amino group of C is much more stable (> 100 X) in double stranded DNA (8). 5-methyl cytosine ( Me C) is more labile and deaminates to thymine (T) three to four times as frequently as C to U both in deoxynucleotides and DNA solutions (5, 9) . Since T is a normal component of DNA, the accurate repair of lesions due to the deamination of Me C to T entails the detection of G:T mismatches and their correction to G:C rather than A:T pairs. By contrast U and H in DNA can be recognised and excised directly by specific glycosylases that start the base excision repair pathway. Similarly base-free sites are recognised by endonucleases of the excision repair pathway and apurinic sites may possibly even be repaired by the direct insertion of the appropriate purines (4).
Coulondre et al (10) noted a 10-fold increase of C -T transition at Me C in E. coli and attributed this to the relative difficulty of repairing the G:T mismatches. Recently, evidence has been presented to show that the repair of G:T mismatches is very biased in favour of restoring the G:C pair in both E. coli and mammalian cells (11, 12) . This, however, seems still inadequate to maintain ^C at the same level as other residues in the DNA. Thus methylatable CpG sites are rare in vertebrates, there is also a deficit of C + G (13, 14) , and the restriction sites containing CpG dinucleotides are frequently polymorphic (15) .
Here we report the CpG -TpG transitions that we have detected in the factor DC gene during our population studies, we consider the problem of the intrinsic mutability of Me C, and provide a direct estimate of the rate of CpG to TpG or CpA transitions. DNA was extracted by standard procedures (16) . Then all the essential regions of the factor EX gene (promoter, exons, sequences important for the processing of the primary transcnpt) were isolated by PCR amplification of each patient's sample. Such regions were either directly sequenced as described (2) or screened for sequence changes by the amplification mismatch detection (AMD) method (3). These were then fully characterised by direct sequencing of the relevant amplified region (2) .
MATERIALS AND METHODS

Blood
Restriction fragment length polymorphisms (RFLPs) were examined by restriction digestion or size estimation of amplified segments comprising the five most informative polymorphisms of the factor IX gene (Taq I, Dde I, Mnl I, Bam HI, Hha I) (1). The primers and procedures used for such analysis are described elsewhere (Green et al., in preparation).
RESULTS
The factor IX mutations of 76 patients with haemophilia B were characterised. Forty-two of diese patients represent an unbiased sample, as they are the whole population of haemophilia B patients registered with the Malmo haemophilia centre and approximately two-thirds of all Swedish registered cases. The remaining group of 34 patients is slightly biased in favour of severely and moderately affected patients because they were referred from different centres where a special effort for the collection of mild cases has not yet been made. The mutation in 65 of these patients is a single base pair substitution. Of these mutations 36 are CpG -TpG or CpA transitions (presumably CpG -TpG transitions in the sense or antisense strand, respectively, of the factor IX gene). These mutations are listed in Table I . Since several mutants show identical base substitutions and might not represent independent mutations, RFLPs were examined in all genes showing identical mutations in order to identify those that could definitely be The chance of detecting a single base pair substitution in the essential region of the factor IX gene, in a population of haemophilia B patients, is largely determined by the functional impairment it causes. We have therefore examined the likely consequences of the CpG -TpG or CpA transitions at each CpG site in the coding region of the factor IX gene and the frequency of mutants at such sites (Table II) . There are nine CpG sites in the coding region of the factor IX gene that can, a priori, be thought to occupy critical positions. At three of these sites transition to TpG or CpA causes the loss of arginines at key sites for the maturation and activation of factor IX: Arg -4, +145 and +180, and transition to TpG in the remaining 6 sites creates stop codons (codon 29, 116, 248, 252, 333, 338). There is, in fact, factual evidence that Arg -4, +145 and +180 are essential (Table I and (20) (21) (22) (23) . In the population we have analysed we find 6 independent transitions (4 TpG and 2 CpA) at the CpG site in codon -4, and 4 such transitions (2 of each type) at the CpG site in codon +145. Furthermore we find ten independent transitions causing stop codons (ie: 3, 1, 3, 1, 1, 1 at codon 29, 116, 248, 252, 333 and 338 respectively) and 3 causing Arg -Gin substitution at codon 333.
A priori, the importance of the position of the other 11 CpG sites is less clear. Consideration of the Dayhoffs matrix (24) suggests that two CpG -TpG transitions would cause non- 36  37  38  39  6345  6346  6364  6365  6460  6461  10429  10430  17700  17701  17761  17762  20413  20414  20518  20519  30083  30084  30149  30150  30863  30864  30875  30876  30949  30950  30973  30974  31008  31009  31118  31119  31133  31134  31328 31329 Arg4<)3 -Tip; Arg^ -Gin. We have found only one example of the mutation at codon 60 and 2 independent examples of that at codon 233. The remaining 9 transitions are silent mutations and none occurred in our sample. Thus when the distribution of haemophilia B mutations due to transitions at CpG sites is considered, 82% are at the 9 sites that clearly occupy critical positions in the factor DC gene. By contrast the remaining 11 sites contribute only 18% of such transitions. Mutations at the 9 CpG sites which occupy critical positions provide a direct estimate of the CpG -TpG or CpA transition rate because: all 6 stop codons, the substitutions of Arg -4 and 180 by Gin and Trp or Argi 45 by His or Cys, and at least the substitutions of Arg by Gin at positions 29, 248, 333 and 338 are known to cause haemophilia (Table I and refs. [19] [20] [21] [22] [23] 25 ). Therefore we can expect that our study of haemophilia B populations will have detected most of the CpG -TpG transitions at the 9 selected CpG sites. We have found 23 independent transitions at these nine sites in a group of 76 patients from a representative population of haemophilia B patients. Since the frequency of haemophilia B is 1/30,000 this represents a total of 2,280,000 factor EX genes. Furthermore since there are at least 16 CpG -TpG or CpA transitions at the 9 CpG sites that can certainly cause haemophilia B we have observed one such transition per 793,043 sites. In order to transform this figure into a transition rate per base per generation we have to consider that in an X-linked recessive condition with a selection coefficient of 0.5, as reported for haemophilia B, prior to the introduction of modern therapy (26), the incidence of the disease in males is equal to 6 times the mutation rate. This leads to an estimate of 1:9,516,521 or 1.05 xl0~7 CpG -TpG or CpA transitions per base, per gamete, per generation.
DISCUSSION
The results presented above show that the CpG sites of the factor EX gene do not contribute in equal measure to the excess of CpG -TpG transitions causing haemophilia B and confirm the expectation that the spectrum of mutations in haemophilia B will be strongly biased in favour of those that cause sufficiently severe functional impairment. Therefore the great excess of transitions at CpG sites in the factor EX gene of haemophilia B patients (20, this work) does not simply reflect the instability of Mc C but also the frequency of CpG at critical positions.
Comparison of the factor EX gene with those for factor VEI, X and protein C that are thought to derive from the same ancestral gene as factor IX shows not only that the factor EX gene has a high proportion of CpG sites at critical positions but also that these do not reflect an ancestral situation because factor VET, X and protein C have only 2, 0 and 2 sites, respectively, that can form stop codons by mutating to TpG, even though they are at least 3 times richer than factor EX in CpG sites (27) (28) (29) (30) . The high proportion of CpG sites at critical positions in the factor EX gene may, instead, be the result of selection pressure. The relative instability of Me C and hence of Me CpG implies that during evolution the position of CpG sites may be particularly prone to change as some sites are lost and others are gained by any given stretch of sequence. Functional constraints to such 'movement' can be expected to occur. Thus, for example, when a CpG -TpG transition generates a stop codon and abrogates gene function, natural selection will tend to prevent the CpG from evolving through a path initiating with the transition of C to T. The strength of such a constraint is determined by the probability that the detrimental mutation will persist in the population and eventually, through further mutations, become part of an acceptable functional sequence. Recessive detrimental mutations of X-linked genes are particularly exposed to natural selection because of the male's hemizygosity. Thus mutations in the factor EX gene are subjected to strong negative selection because the gene is X-linked in Man and other mammals where factor EX deficiency also causes haemophilia (31) . Thus CpGs that were at or have come to occupy critical sites in the factor IX gene may be relatively 'fixed'
In keeping with this idea the complete DNA sequence of canine factor IX (32) and the sequences of the activation peptide and catalytic region (coding for amino acids 137 to 407) of the factor EX of sheep, pig, rabbit, guinea pig, rat and mouse (33) show that the 9 critical CpG sites of human factor EX are highly conserved (Table IE) . Only two CpG to TpG transitions are observed at these sites: one in the codon for Arg 116 and one in that for Arg 252 that are replaced by Gin in the dog and guinea pig respectively. Interestingly, transversions to ApG, that do not alter the amino acid sequence, are observed more frequently. That is, in the CpGs at codons 145 and 333 in the mouse, and 248 and 338 in the mouse and rat. By contrast the other eleven CpG sites of human factor EX are poorly conserved and mostly represented by sequences that could be derived by CpG transitions (see Table If) .
Also in keeping with the above hypothesis is the 4-fold excess of CpG sites in the coding region of factor EX relative to the whole gene (2.9% versus 0.7%) and the 4.3-fold excess of Taq I sites in the coding region of the factor VEQ gene that yield a stop codon by CpG -TpG transition (5 out of 7 versus 1 out of 12 expected by chance alone). The evidence for the enrichment of CpG sites at critical positions indicates that crude ratios of the frequency of CpG to TpG transitions to other single base pair substitutions causing haemophilia B and other diseases (20, 36) may grossly overestimate the relative instability of CpG sites. In fact Sved and Bird (37) calculate that a rate of CpG -TpG transition equal to about 12 times the normal transition rate could account for an equilibrium where the frequency of CpG remains at the current level (20% of expected frequency).
The identification of 9 CpG sites at critical positions in the factor EX gene and the study of a representative population oof haemophilia B patients has ?? as directly to determine the rate of CpG transitions. If we convert this rate (1.05X 10~7) into a rate per base per year a value is obtained (5 x 10" 9 ) that is only 3-4 fold greater than the rate of sequence evolution of the DNA sequences of primates not subjected to conservational constraints: 1.4X10-9 (38,39).
